Intermittent blood flow in the KHT sarcoma-flow cytometry studies using Hoechst 33342
A.I. Minchinton, R.E. Durand There is unequivocal evidence for the presence of radiobiologically hypoxic cells in experimental tumours (Moulder & Rockwell, 1984; Vaupel, 1979) and sound clinical evidence that they play an important role in determining the sensitivity to radiotherapy of some human tumours (Bush et al., 1978; Dische et al., 1983; Henk, 1986 , Overgaard et al., 1986 Watson et al., 1978) . In addition, several studies indicate that sub-populations within tumours exhibit differential sensitivity to chemotherapeutic agents as a result of inherent sensitivity differences between aerobic and hypoxic cells (Teicher et al., 1981) and drug penetration problems (Kerr & Kaye, 1987) . There is little doubt therefore that the location of cells within tumours is an important determinant of their sensitivity to cancer treatment.
Tumour hypoxia may develop in at least two ways. The classical model of Thomlinson and Gray (1955) was based on histological evidence from human bronchial carcinoma, viable respiring cells occupying the space between the vascularized stroma and necrosis. Hypoxic cells were postulated to exist bordering necrotic areas at a relatively constant distance from blood vessels, the diffusion distance of oxygen in tissue. The Thomlinson and Gray model of 'diffusion limited' hypoxia greatly influenced radiobiological thinking for several decades and spawned many studies investigating ways in which the clinical radioresistance of the hypoxic cells could be overcome (for review see Fowler, 1983; Wardman, 1977) .
The suggestion that hypoxic cells within tumours could result from local fluctuations in tumour blood perfusion made by Brown (1979) (Thomlinson & Gray, 1955) was therefore augmented with the presence of areas within the tumour where blood flow had transiently ceased.
A method developed at this laboratory has proved useful in examining the presence of acute hypoxia within experimental tumours. Chaplin et al. (1985 Chaplin et al. ( , 1986 Chaplin et al. ( , 1987 Loeffler et al., 1987) . The sorted populations that result should be derived from different locations within the tumour relative to the blood supply at the time of staining. By assessing radiation cell survival of the different sorted fractions Chaplin et al. (1986 Chaplin et al. ( , 1987 The KHT sarcoma described by Kallman et al. (1967) (Chaplin et al.. 1986 (Chaplin et al.. , 1987 . Briefly. 5 -15 minutes after the end of the irradiation period, the mice were killed, their tumours were excised, finely chopped using a scalpel, washed and centrifuged in PBS and then incubated at 37°C with trypsin (0.2%, Difco. Detroit, MI) and DNAse I (0.05,O. Sigma) for 15 30 minutes. The suspensions were then washed and filtered through a 50 jim pore size polyester mesh. Specific numbers of cells were sorted and then plated using a soft agar clonogenic assay (Courtney. 1976 ). Mice were unanaesthetised. but restrained during irradiation, infusion and injection. Tumours were irradiated using 250 kVp X-rays filtered with 0.5 mm Cu at a dose rate of approximately 2.8 Gy min-.
[ '/uorAs(cn(actilVteCI (c llsorting Cells recovered from tumours were analysed and sorted using 'gate out' small objects such as debris and erythrocytes and also large objects such as doublets and clumps of cells.
Fluorescence intensity was measured perpendicularly at 449.5 ± 10 nm. The 488 nm laser was also used to measure peripheral light scatter (PLS); the amount of light scattered perpendicular to the incident beam. This parameter was used to estimate cell size. Dividing the fluorescent intensity by the PLS yields an estimate of cellular Hoechst 33342 concentration.
Sorting windows were based on Krough cylinders (Krough. 1919) aissuimiing vessel diameter of lOum and tumour cord diameter of 290 ptm. Figure proportion of hypoxic cells is to be identified then 'equal volume' sorting should be more appropriate since the shell most distant from the vessel constitutes 10% of the tumour cells. Previous studies from this laboratory have used concentration of Hoechst 33342 as the basis of the sorting. In this study fluorescent intensity has been used. DNA measurements were made using the one step method of Vindelov (1977) With the establishment of a sorting technique which reliably produced populations from specific locations within the tumour relative to the vasculature, we then used several protocols of Hoechst 33342 administration to probe the nature of the radiobiological hypoxia in this tumour. First, a short infusion of stain was administered that coincided with the first 3 minutes of a 3.5 minute 10 Gy irradiation period (Figure 4 ). An order of magnitude difference in survival is observed between the dim and brightly staining cells, the brightly staining cells having a level of survival similar to that of fully oxygenated cells irradiated in vitro. If the animals were administered the hypoxic cell radiosensitizer misonidazole (1 mmol kg-', i.p.) 30 minutes prior to irradiation, the survival of all the fractions was reduced to that of the brightest cells. The survival of the unirradiated cells (the plating efficiency) for the different sort fractions is also shown and was independent of staining intensity at a level of about 20%. The 'all' fraction represents the mean response of an equal mixture of all the sorted cells.
When irradiation of the tumour was separated from the Hoechst 33342 staining period by 30 minutes, the resultant pattern of cell survival was typically that shown in Figure 5 . Little difference in survival was seen between the different sort fractions, all having a surviving fraction approximating that of the entire population in the previous figure (when the staining and irradiation period were coincident). Figure 6 shows that when both the infusion of stain and irradiation periods were concurrent but prolonged over a 20 minute period the bright cells exhibited more radiosensitivity than the dim cells, but the differential in radiosensitivity was less than when the period of staining and irradiation were short as shown in Figure 4 .
Initial tissue was separated into two parts by gently rinsing the 'pulp' away from the well structured part of the tumour and examining the cell survival after radiation of cells derived from both parts after sorting. The irradiation and staining procedure was as described in Figure 4 , short and simultaneous. Figure 7 shows that the plating efficiency as well as the radiosensitivity of the different sort fractions appear identical for both parts of the tumour.
Tumour size was also investigated as a possible source of variability. Chaplin et al. (1986) observed that SCCVII tumours smaller that 350 mg showed a differential in radiosensitivity when the stain was injected 20 minutes prior to the radiation treatment; suggesting that acute hypoxia developed in tumours greater than that size. Our studies with the KHT sarcoma are shown in Figure 8 . In each case the Hoechst 33342 was administered intravenously for the first 3 minutes of a 3.5 minute irradiation period similar to the protocol used to obtain the results in The diffusion of oxygen from the vasculature to the cells of the tumour has been modelled in several ways. Krough (1919) described the concept of cords of muscle cells supplied with nutrients and oxygen from a central blood vessel. Thomlinson and Gray (1955) described a similar histological architecture in tumours, but also described tumour cords surrounded by a vascularised stroma with necrosis present at the centre. These two models of 'outward' and 'inward' diffusion are analogous to contemporary models employed when sorting cells from tumours and spheroids respectively (Durand et al., 1990) . In previous studies performed at this laboratory, using the SCCVII tumour, the sorting was performed on the basis of Hoechst 33342 concentration, that is, dividing the fluorescence intensity by the peripheral light scatter (PLS). In this study only fluorescence intensity was used. We chose to do this because unpublished studies performed using concentration as the basis of the sorting often failed to result in a difference of radiosensitivity between the bright and dim cells in the KHT sarcoma, even when the Hoechst 33342 was administered concomitant with the irradiation period. In addition, the results shown in Figure 2 suggest that sorting on the basis of concentration did not resolve populations of cells that originated from different locations within the tumour relative to the vasculature. The reasons why the sorting method used previously and effectively in the SCCVII tumour failed to resolve similar populations from the KHT that were proportional to vascular proximity may lie in the differences between the two tumours. Although both tumours are extremely poorly differentiated and have comparable hypoxic fractions, the KHT unlike the SCCVII is extensively necrotic. We believe this factor and its contribution to the heterogeneity of the KHT sarcoma may result in a cellular staining patterns that only partially reflect the proximity of vasculature. Despite this heterogeneity the data shown in Figure 2 provide good evidence that sorting tumour cells on the basis of intensity of Hoechst 33342 was effective in selecting cells as a function of distance from the vasculature. Further evidence of the suitability of this sorting technique was obtained from the results in Figure 3 indicating an increased uptake of tritiated thymidine in brightly fluorescent cells. It is interesting to note that the profiles shown in Figures 2 and 3 can result from either a 3 minute infusion of Hoechst 33342 or a prolonged infusion of 20-30 minutes. The radiobiological response of the fractions, however, is very dependent on the timing of the staining relative to the irradiation as is shown in Figures 4 and 5 . This is probably because the fraction of cells that is transiently hypoxic at any moment in time is relatively small and, although it can profoundly alter cell survival of a sorted population, it would not be expected to alter appreciably the overall DNA profiles shown in Figure 2 or the proportion of cells incorporating tritiated thymidine shown in Figure 3 .
To probe the nature of hypoxia within the tumour, three methods of stain administration were employed. Figure 4 shows that when the stain and irradiation were carried out rapidly and simultaneously a large differential in cell survival was observed between the bright and dim populations. This differential disappeared either when misonidazole, a hypoxic cell radiosensitizer of hypoxic cells was administered, or when the stain and irradiation was separated by 20-30 minutes as illustrated in Figure 5 . The differential however was partially restored when both the staining and irradiation was prolonged over a 20 minute period as shown in Figure 6 . We interpret these results as indicating that the blood flow to at least some regions of the tumour is intermittent resulting in a breakdown in the relationship between sort fraction and oxygen status. This conclusion is in contrast to that made by Siemann and Keng (1988) who suggested on the basis of experiments using the injection of stain 20 minutes prior to irradiation, that chronic hypoxia was the dominant form of hypoxia within the KHT/Ro sarcoma. Several explanations for these divergent conclusions can be suggested. Siemann and Keng (1988) used a different variant of the tumour used in this study and implanted it intramuscularly rather than subcutaneously. Although a comparison between the two sites has not been made for either of these versions of the KHT tumour, Brown (1979) documented differences in the radiosensitivity of the RIF-1 tumour when implanted in these two sites. Therefore, it is possible that histological differences both inherent within the tumour and related to the site of implantation, may contribute to the differences observed by Siemann and Keng (1988) and those found in this study. However, we feel it is important when assessing the presence of acute hypoxia to use two different staining protocols, one where the stain is administered simultaneously with the radiation treatment and another where the staining is carried out temporally divorced from the radiation period. By comparing the pattern of radiosensitivity of the different sort fractions using two protocols, definitive evidence for the presence of acute or transient hypoxia can be obtained. Our results further suggest that the presence of the semiliquid pulp found in large KHT tumours did not appear to influence the response of the sorted population. This is surprising considering the grossly disparate appearance of the different regions of the tumour and the extensive necrosis evident microscopically as debris within the semi-liquid 'pulp' part of the tumour. Urtasun (1972) and Jirtle (1978) both observed viable cells within the grossly necrotic regions of tumours and our observation supports theirs and further suggests that there is no inherent difference in the radiosensitivity of the viable cells derived from these different regions.
The size of the tumour was more important however. Large tumours between 700 and 900mg showed less of a differential in radiosensitivity than tumours between 170 and 290 mg. It is clear therefore that tumour size, as found in the SCCVII tumour (Chaplin et al., 1986) , is an important determinant of response in this system. Acute hypoxia is certainly demonstrable in medium sized KHT tumours, but the survival data exhibit more variability than was seen in the SCCVII tumour and it is therefore not possible, from these data, to correlate the appearance of acute hypoxia with a particular tumour size as was possible from the study of Chaplin et al. (1986) . It is conceivable that in large tumours, the variability in survival of the different sorted fractions, may mask the ability of this technique to confirm the presence of acute hypoxia.
In conclusion, our data support the findings of Tannock (1968) Techniques that assess the potency of radiation or other cytotoxic agents to kill tumour cells cannot usually distinguish the relative effectiveness of these treatments on different regions or sub-populations within the tumour. As a result, agents that are very effective at killing specific regions or sub-populations within tumours are not easily studied since their overall potency is masked by regions or populations of cells that are not equally affected. The methodology used in this and previous similar studies may be an important tool in the identification and application of potential therapeutic agents.
